The bacterial flagellum has evolved as one of the most remarkable nanomachines in nature. It 20 provides swimming and swarming motilities that are often essential for the bacterial life cycle and 21 for pathogenesis. Many bacteria such as Salmonella and Vibrio species use flagella as an external 22 propeller to move to favorable environments, while spirochetes utilize internal periplasmic 23 flagella to drive a serpentine movement of the cell bodies through tissues. Here we use cryo-24 electron tomography to visualize the polar-sheathed flagellum of Vibrio alginolyticus with 25 particular focus on a Vibrio specific feature, the H-ring. We characterized the H-ring by identifying 26 its two components FlgT and FlgO. Surprisingly, we discovered that the majority of flagella are 27 located within the periplasmic space in the absence of the H-ring, which are dramatically different 28 from external flagella in wild-type cells. Our results indicate the H-ring has a novel function in 29 facilitating the penetration of the outer membrane and the assembly of the external sheathed 30 flagella. This unexpected finding is however consistent with the notion that the flagella have 31 evolved to adapt highly diverse needs by receiving or removing accessary genes. 32 3 SIGNIFICANCE STATEMENT 33 Flagellum is the major organelle for motility in many bacterial species. While most bacteria 34 possess external flagella such as the multiple peritrichous flagella found in Escherichia coli 35 and Salmonella enterica or the single polar-sheathed flagellum in Vibrio spp., spirochetes uniquely 36 assemble periplasmic flagella, which are embedded between their inner and outer membranes.
INTRODUCTION
7 membrane (11). FlgT is the first protein known to be involved in H-ring formation (14, 15) . FlgT is a 96 small protein that might be limited to the proximal part of the H-ring. FlgO and FlgP are two outer 97 membrane lipoproteins required for flagellum stability and motility of V. cholerae, as the flgO and 98 flgP mutants have reduced motility and fewer external flagella (19) . The averaged motor structure 99 of Vibrio fischeri ∆flgP mutant showed that the PL-ring, together with the T-ring, were visible 100 (Morgan et al., 2016) . We therefore hypothesize that both FlgO and FlgP might be involved in the 101 formation of the H-ring complex in Vibrio. We constructed DflgO and DflgT mutant in the 102 background of the multi-polar flagellated strain, respectively (Table 1) 
106
To decipher whether deletion of flgO affects the assembly of the polar-sheathed flagellum and 107 the formation of the H-ring, we examined DflgO mutant cells by cryo-ET. Polar-sheathed flagella 108 are clearly visible in the DflgO mutant (Fig. 2, Table 1 ). We identified flagellar motor structures 8 Furthermore, the distal part of the H-ring seems to anchor the whole disk onto the inner leaflet of 114 the outer membrane, because the smaller H-ring in the ∆flgO motor appears to less tightly 115 associate with the outer membrane ( Fig. 2G, H) .
116
To further understand the role of the H-ring on flagellar formation, we visualized a ∆flgT 117 mutant using cryo-ET, as FlgT is involved in the formation of the H-ring (14) . Indeed, the entire H-118 ring density is absent in the tomograms of the flgT mutant cells, while T-ring density remains 119 visible (Fig. 3) . This is consistent with the previous observation that the H-ring is not visible in a 120 purified basal body of the ∆flgT mutant by negative stain electron microscopy (14) . Together with 121 the results from DflgO cells, we determined that FlgO is responsible for the distal part of the H- 
125
The H-ring plays an essential role in flagella assembly and bacterial motility
126
The H-ring is tightly associated with the outer membrane ( Fig. 2G and 2H ). It has been 127 suggested that the H-ring is important for torque generation and bacterial motility (20), although 128 the exact role of the H-ring remains to be determined. To understand the function of the H-ring in 129 more detail, we thoroughly screened tomograms from the DflgO mutant cells. Surprisingly, most 9 the DflgO mutant cells displayed both polar-sheathed flagella and periplasmic flagella ( Fig. S1 ).
132
This observation suggested that the H-ring was likely involved in flagellar assembly, especially in 133 penetration of the outer membrane to enable the formation of the external-sheathed flagella.
134
To further understand the relationship of the H-ring and flagellar assembly, we carefully 135 examined over several hundred reconstructions from DflgT mutant cells. We found that many 136 hooks are severely bent beneath the PG layer and many filaments are located in the periplasmic 137 space ( Fig. S2 and Fig. 3 ). Since some of the filaments are much longer than the cell body, they 138 often protrude through the PG layer and the outer membrane at the region far from the basal body 139 ( Fig. 3 ). Less external flagella were found on the ∆flgT cells than on wild type cells. In total, ~80% 140 of 354 flagella found in the ∆flgT cells were located in periplasmic space. Compared to ~10% 141 periplasmic flagella in the ∆flgO cells and none in wild type, lack of the H-ring had a profound 142 impact on flagellar assembly and location. Although this result was not previously visualized, it is 143 consistent with the early observation that flagellated cells were rare in the flgT mutant cells (21, 
182
The H-ring has been suggested to be important for high torque generation (20) . The H-ring is 183 not only visible in Vibrio species, but also present in Aeromonas hydrophila species (28). Since 12 flagella in both species are sodium driven, which are known to generate greater torque than 185 flagellar motors driven by proton flow (29). The sodium-driven flagella also evolved additional 186 accessary structures such as the T-ring and the H-ring to support higher torque generation (30) .
187
However, we found that reduced motility due to FlgT or FlgO dysfunction is attributed to a 
205
In the absence of the entire H-ring, as was observed in a ∆flgT mutant strain, the majority of 
224
In summary, we characterized the Vibrio-specific H-ring by using cryo-ET and genetic 225 mutations and provided evidence that at least two proteins (FlgO and FlgT) are directly involved 226 in the formation of the H-ring (Fig. 5 ). Furthermore, we discovered that the H-ring plays a novel 227 function in facilitating the penetration of the outer membrane in Vibrio species. Thus, we 228 concluded that the outer membrane complex is not only working as the bushing, but also 229 functioning to an adaptor to flagellar rod to determine the flagellar morphogenesis (Fig. 5 ). 
283
grid was blotted with filter paper and rapidly plunge-frozen in liquid ethane in a homemade 284 plunger apparatus, as described previously (11).
286
Cryo-ET data collection and image processing. The frozen-hydrated specimens of KK148 and 287 TH7 were transferred to a Polara G2 electron microscope and the samples of NMB337 was transfer 288 to Titan Krios electron microscope (FEI). Both microscopes are equipped with a 300-kV field emission gun and a Direct Electron Detector (Gatan K2 Summit). Images collected by Polara G2 290 electron microscope were observed at 9,000× magnification and at ∼8 μm defocus, resulting in 0.42 291 nm/pixel. The images taken by Titan Krios electron microscope were collected at a defocus near to 292 0 um using Volta Phase Plate and the energy filter with 20 eV slit. The data was acquired 293 automatically with SerialEM software (36). During the data collected, when phase shift is out of 294 the range of pi/3~pi2/3, next spot of phase plate will be switched to be charged for use. A total 295 dose of 50 e − /Å 2 is distributed among 35 tilt images covering angles from −51° to +51° at tilt steps 296 of 3°. For every single tilt series collection, the dose-fractionated mode was used to generate 8-10 297 frames per projection image. Collected dose-fractionated data were first subjected to the motion 298 correction program to generate drift-corrected stack files (Li et al., 2013; Morado et al., 2016; Zheng 299 et al., 2017) . The stack files were aligned using gold fiducial markers and volumes reconstructed by 300 the weighted back-projection method, using IMOD and Tomo3d software to generate tomograms 301 (Kremer et al., 1996; Agulleiro and Fernandez, 2015) . In total, 137 tomograms of TH7 and 114 302 tomograms of NMB337 were generated.
304
Sub-tomogram analysis with i3 package. Bacterial flagellar motors were detected manually, 305 using the i3 program (Winkler, 2007; Winkler et al., 2009) . We selected two points on each motor: 306 one point at the C-ring region and another near the flagellar hook. The orientation and geographic 19 coordinates of selected particles were then estimated. In total, 668 sub tomograms of Vibrio motors 308 from NMB337 were used to sub-tomogram analysis. The i3 tomographic package was used on the 309 basis of the "alignment by classification" method with missing wedge compensation for 310 generating the averaged structure of the motor, as described previously (11). 311 312 3D visualization. Tomographic reconstructions were visualized using IMOD (Kremer et al., 1996) .
313
UCSF Chimera software was used for 3D surface rendering of subtomogram averages and 314 molecular modeling (Pettersen et al., 2004) . protein was detected at the size equivalent to its mature form (indicated as the filled arrow).
334
Experiments were conducted 3 times and the typical results are shown here. 
This study (39) Promega (40) This study
This study 
